Plasmonic hybrid nanomaterials are highly desirable in advanced sensing applications. Different components in these materials undertake distinct roles and work collectively. One material component may act as an efficient light concentrator and optical probe, whereas another provides specific chemical or biological functionality. In this work, we present DNA-assembled bimetallic plasmonic nanostructures and demonstrate their application for the all-optical detection of hydrogen. Gold (Au) nanorods are functionalized with DNA strands, which serve both as linkers and seeding sites for the growth of palladium (Pd) nanocrystals and facilitate reliable positioning of Pd satellites around an Au nanorod at an ultrashort spacing in the nanometer range. Dark-field scattering spectra of single Au-DNA-Pd nanorods were recorded during controlled cycles of hydrogen gas exposure, and an unambiguous concentration-dependent optical response was observed. Our method enables, for the first time, the all-optical detection of hydrogen-induced phase-change processes in sub-5-nm Pd nanocrystals at the single-antenna level. By substituting the Pd satellites with other functional materials, our sensor platform can be extended to plasmonic sensing of a multitude of chemical and biological reagents, both in liquid and gaseous phases.
INTRODUCTION
Nanooptics, in particular plasmonics, has led to tremendous progress in optical sensors on the single-particle level. Recently, advanced wet chemical methods have enabled the controlled synthesis of metal nanoparticles with various shapes, sizes and configurations.
1-4 Such metal nanoparticles possess remarkable material quality and are highly viable for industrial mass production. In particular, metal nanoparticles composed of materials such as gold (Au) and silver (Ag) exhibit excellent plasmonic properties and have been widely applied for sensing low-level and label-free analytes in complex media due to their simple and cost-effective sensing strategy. [5] [6] [7] [8] Traditionally, a sensing experiment is performed by tracking the resonance shift of a plasmonic nanoparticle in the presence of analytes, which alter its local environment. By combining multiple materials, biological or chemical functionality can be added to such well-established but mostly inert noble metal nanoparticle systems. 9 Building on the rapid progress in the field of novel nanomaterials, various metal nanoparticles with hybrid components have been developed. For example, Au-Ag core-shell nanoparticles were used to successfully map the sulfide content in live cells through irreversible Ag 2 S formation. 10 Further applications of core-shell particles include the investigation of hydrogen catalytic processes in Au-Pd particles as well as the sensitive detection of carbon monoxide using a Cu-CuO geometry. 11, 12 In the context of complex synthetic nanomachines, AlGa Janus nanoparticles were utilized for the creation of water-driven micromotors. 13 Additionally, approaches such as on-wire lithography 14 were used for the reliable fabrication of Au-Ni-Pt gap structures with nanometer precision.
Thus far, most hybrid metal nanomaterials have been based on direct contact between different material components, which can be detrimental when applied in plasmonic sensing because components with poor plasmonic properties can lead to increased damping in the hybrid system, yielding low sensitivity. To overcome this issue, DNA-based nanotechnology has been utilized for the fabrication of various metal nanoclusters and hybrid metal nanostructures. [15] [16] [17] [18] [19] [20] In this work, we demonstrate the chemical synthesis of DNAassembled bimetallic plasmonic nanoparticles, in which DNA serves as both the construction material and a natural spacer between two metal components, namely, Au nanorods and Pd satellite nanocrystals (Figure 1a) . Furthermore, we demonstrate that such bimetallic nanoparticles can be used for the all-optical plasmonic detection of hydrogen in real time at room temperature. Here, the Pd nanocrystals work as a functional medium, which can absorb and release hydrogen. Previous experimental studies using single nanodevices have focused on catalytic reactions on extended Pd films 21 or in Pd nanodisks with diameters down to 30 nm. 22, 23 By contrast, our nanosensor devices achieve, for the first time, the all-optical detection of hydrogeninduced phase changes in extremely small (sub-5-nm) Pd nanocrystals on the single-antenna level.
The catalytic reaction under investigation involves the chemisorption of hydrogen on the Pd surface, its near barrierless dissociation and diffusion of atomic hydrogen into Pd to form palladium hydride. 24, 25 The Au nanorod concentrates strong electromagnetic fields near its surface, where the chemical reactions occur. Simultaneously, the Au nanorod acts as an optical probe that transforms the localized information of hydrogen absorption and desorption in Pd to the far field.
MATERIALS AND METHODS
The preparation of our nanooptical sensor particles began with the synthesis of Au seeds, following a silver-assisted seed-growth or binary surfactant-assisted seed-growth procedure, depending on the sizes of the Au nanorods.
1,4 DNA-assisted assembly and growth of the Pd satellite nanocrystals then proceeded, as illustrated in Figure 1b (further synthesis details are provided in the Supporting Information).
First, the S-S bond in thiolated DNA was reduced by adding 10 mL of 100-mM tris(2-carboxyethyl)phosphine to 50 mL of 100-mM DNA solution, and the sample was incubated for 4 h. Excessive tris(2-carboxyethyl)phosphine was removed using a spin column. Subsequently, purified thiolated DNA sDNA-SH and its complementary strand com-sDNA-SH were obtained.
Freshly synthesized Au nanorods with desired dimensions were then added to the purified sDNA-SH in a buffer solution. The molar ratio of sDNA-SH to Au nanorods was more than 2000 : 1. After 12 h, the mixture was centrifuged, the supernatant was discarded, and the Au-sDNA-SH nanorods were suspended in a 13tris/borate/EDTA buffer containing 100-mM NaCl.
The buffered Au-sDNA-SH nanorods were then incubated with the complementary com-sDNA-SH and were annealed in a thermocycler from 45 6 C to 25 6 C over 12 h. The mixture was then centrifuged twice, the supernatant was discarded, and the pellet was suspended in ultrapure water. The concentration of these Au-DNA conjugates was estimated using ultraviolet-visible spectroscopy.
The Au-DNA nanorods were then mixed with 20 mL of a freshly prepared 2.5-mM Pd(CH 3 COO) 2 solution and 20 mL of 1% polyvinylpyrrolidone. The mixture was stirred for 4 h at room temperature and subsequently centrifuged three times at 5000 rpm for 5 min. Again, the supernatant was discarded and the pellet was suspended in ultrapure water. Finally, the mixture was reduced by 10 mL of 5-mM freshly prepared ice-cold NaBH 4 to obtain the Au-DNA-Pd hybrid nanoparticles.
RESULTS AND DISCUSSION
To first assess the quality of our Au-DNA-Pd nanoparticles, transmission electron microscopy (TEM), scanning TEM (STEM) and elemental mapping using a Tecnai F20 electron microscopy system (FEI Corp., Hillsboro, OR, USA) were performed. The samples for TEM imaging were prepared by drop-casting 10 mL of the sample solution on a carbon-coated TEM grid (additional measurement details are provided in the Supporting Information). Figure 2 presents the TEM images of the Au-DNA-Pd nanoparticles with different dimensions, demonstrating the high structural homogeneity of our synthesis method. The three batches of Au-DNA-Pd nanoparticles (labeled 1 to 3) have dimensions (length3width) of 36 nm312 nm, 46 nm312 nm and 98 nm343 nm. The Pd nanocrystals are approximately 3-5 nm in diameter, as evident from high-resolution TEM measurements (Figure 3a) . In all cases, the individual satellite Pd nanocrystals are clearly visible at high magnifications.
Successful assembly of the different metal components was demonstrated using STEM imaging and elemental mapping of the Au-DNAPd nanoparticles from batch 1 (Figure 3a) . By filtering the STEM image with respect to the electron energy in the scanning beam, the elemental contributions of Au and Pd to the total signal could be quantified (Figure 3b and 3c) . A composite of the color-coded results for Au and Pd is presented in Figure 3d , which clearly illustrates that small Pd satellite nanocrystals form a dispersive layer around the center Au nanorod. This finding proves the viability of our synthesis method for the precise and reliable creation of complex hybrid nanostructures.
To investigate the optical properties of our Au-DNA-Pd nanoparticles, ultraviolet-visible spectra of the three nanorod batches, before and after the Pd growth, were measured ( Figure 4 ). For all three batches, the pronounced plasmonic absorbance peak red-shifts by approximately 50 nm after the growth of the Pd nanocrystals. The hybrid plasmonic nanoparticles clearly exhibit excellent wavelength tunability through control of the structural aspect ratio.
To dissect the sensing behavior of a nanoparticle ensemble and to achieve progressively smaller detection volumes, we utilize single-particle dark-field spectroscopy. In our hydrogen sensing experiments, we 
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N Li, A Tittl et al 2 recorded the scattered light from single Au-DNA-Pd nanoparticles while cycling the gas concentration in a gas cell between pure nitrogen and different H 2 concentrations in N 2 carrier gas (experimental details are provided in the Supporting Information). Figure 5a presents the scattering spectrum of a single plasmonic nanosensor from batch 3 (length3width: 98 nm343 nm), which exhibits a pronounced peak centered at approximately 700 nm. Compared with the ensemble measurements in aqueous solution, the single-particle resonance is slightly blue-shifted on the glass substrate.
To reliably track the resonance wavelength of the nanosensor over time, we employed a centroid detection method. 26 This analysis technique computes the first moment, or center of mass, of the scattering spectrum, considering all the data points in a certain wavelength span S c . This procedure allows us to track small spectral shifts with high signal-to-noise ratios.
The resonance peak undergoes a fast and reversible red-shift when exposed to hydrogen concentrations of 10, 20 and 30 vol.-% H 2 in N 2 carrier gas, with response times on the order of seconds. Additionally, we observed a clear concentration-dependent response, with spectral shifts ranging from 0.2 to 0.4 nm. When examining a second nanosensor particle on the same substrate, we again observed a clear concentration dependence of the optical response (Supplementary Fig. S1 ). Although the magnitude of the spectral shifts is different, the qualitative behavior is similar (Supplementary Fig. S2 ). This difference in magnitude is due to small changes in local material distribution and can be further reduced by optimizing the synthesis process. Most importantly, we were able to, for the first time, detect the hydrogen-induced phase-change processes in extremely small Pd particles on the order of 3-5 nm at the single-antenna level.
CONCLUSIONS
In this work, we demonstrated a novel nanooptical single-particle hydrogen sensor utilizing wet-chemical synthesis of Au nanorods with adjacent, DNA-assembled Pd nanocrystals. Our approach results in hybrid plasmonic nanoparticles with tunable particle dimensions and ultrashort Au-Pd distances on the order of several nanometers. The precise positioning of the Pd satellite nanospheres with respect to the Au nanorods was verified using energy-filtered scanning TEM measurements. Going further, the number of Pd nanocrystals linked to each Au nanorod could be controlled by the amount and ratio of thiolated DNA and complementary strands. Additionally, we demonstrated that our Au-DNA-Pd nanoparticles exhibit an unambiguous concentration-dependent optical response to hydrogen exposure at the single-particle level. Using appropriate satellite nanoparticle components, one could prepare hybrid plasmonic nanosensor devices with different functionalizations, enabling the reliable detection of a multitude of other gases for practical applications. In the future, plasmon-assisted detection of transformations in nanoparticles of such small sizes will open the door toward investigations of size-dependent phase transitions on nanoscales below 10 nm. DNA-assembled bimetallic plasmonic nanosensors N Li, A Tittl et al 4
